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Single molecule nanopore spectroscopy is a label-free method for characterizing a wide
variety of water-soluble molecules. Recently there have been efforts to expand nanopore sensing
to new areas of study. Forensic investigators require an easy to deploy method to identify an
unknown number of contributors in a solution. Currently there is no easily available method to
distinguish between a single or multiple contributor solution of DNA before being processed by
more advanced analytical techniques which has led to wasted time and resources increasing the
backlog of samples waiting to be processed. In this work we present a new nanopore technique
capable of distinguishing between single and multiple contributors with an easy to deploy infrared
heating laser.
Previous cluster-nanopore enhancement interaction studies, produced by this group, have
found that polymers in the presence of a gold-nanopore complex spend longer periods of time
inside the pore. This is of great interest to the nanopore sensing community because longer
residence times enable more accurate statistics on single polymers. In order to understand why
ix

some polymers see large enhancements in the residence times (i.e. 20x) while other polymers see
much less enhancement (i.e. 3x) a more complete picture of the free energy components is
required. By using a IR heating laser, we construct an Eyring transition graph to extract the
enthalpic and entropic energy components to find entropy plays a more important role than
previously thought when a polymer interacts with a the nanopore. For nanoconfined polymers,
entropy plays an important role on how a polymer will interact with the cluster-nanopore structure
which in turn may lead to an increase or decrease of the residence time enhancement factor.
This work shows with the addition of an infrared laser heater to a nanopore system a new
tool has been added to the field. The IR laser coupled to a nanopore system allows for precise
adjustments to residence times of events and extracts the free energy components without the need
to physically modify the nanopore.

x

Chapter 1

1.1 Introduction

Single molecule nanopore spectrometry (SMNS) is a well-tested single molecule
identification methodology.1–6 This method has been used in several applications to detect and
characterize a variety of different solution contents (i.e. PEG,1,7–9 nucleotides,9–12 metallic
clusters,12,13 peptides13). SMNS detection however has mostly been confined to voltage based
studies while highly informative temperature studies have been limited. One of the reasons for
this is that researchers have used bulk heating methods,14–23 which are limited by solution
evaporation and long heating and cooling times required for large solution volumes (~mL).24 To
overcome these issues, we have coupled a laser heating apparatus to a nanopore sensor system.
The goal of this project is to demonstrate the use of this laser heating approach to study polymercluster interactions within a nanopore volume and it is also to study the feasibility of duplex DNA
nanopore sensing for forensic-based human identification. This proposal describes efforts towards
these goals and future plans to continue the project.

1.2

Resistive-pulse nanopore sensing
Nanopore systems can be constructed from drilling nanoscale holes in solid state

membranes (i.e. SiN)4 or isolating a biological nanopore (i.e. alpha hemolysin) in a lipid bilayer
1

membrane.3,12 Each method has several advantages and disadvantages however they both work
on the Coulter-counter principle applied at the nanoscale.25,26 A Coulter-counter utilizes resistivepulse sensing to detect particles in ionic solutions. In its simplest form, a voltage is applied across
a thin membrane with a small hole formed in it. When a particle, whose size is commensurate
with the hole, enters the passage it reduces the current through the hole and yields a measurable
current blockade. If the hole is shrunk down to the molecular size scale, as is the case with
nanopore sensing, then the blockades correspond to individual molecules and the technique is a
label-free sensor. Figure 1 illustrates the principal of operation where different types of current
blockades occur based on the size and concentration of the analyte types.

Figure 1: The basic structure of an αHL pore and the principle of Coulter-counting applied at the
nanoscale. A small hole is formed in a membrane that partitions an ionic solution. A sufficient
transmembrane voltage creates a current through the hole and forces charge analyte to enter into the hole
leading to sizable current blockades. This illustration shows three different types of current blockades from
which one can infer the analyte concentration from the blockade event frequency, the analyte size from the
magnitude of the blockades and the interaction strength between the molecule and the pore from the
duration or residence time of the blockades. Figure reproduced from (A-D) Ref 27 and (E) Ref. 2.

The work reported herein uses biological nanopores for several reasons. Biological pores
form highly reproducible sensors with nanoscale environments that yield sizeable current
2

blockades from small (MW < 3000 Da) molecules. This reproducibility allows one to better
characterize analyte molecules of interest and they tend to remain clear of so-called “clogging
events” that can render solid-state nanopores inert after a short period. The work horse of the
biological nanopore sensing community is the alpha-hemolysin pore. The alpha-hemolysin pore
(αHL)27 is a self-forming heptametric protein that inserts into a lipid bilayer membrane. This
protein is secreted by Staphylococcus Aureus,28 is water soluble, and does not take its final form
until it interacts with the bilipid membrane.29 Figure 2A illustrates a fully formed αHL sitting in
a lipid bilayer membrane. The most sensitive sensing region of the pore is the narrow lumen
embedded in the membrane. The cis-side vestibule of the pore sits above the membrane and
facilitates entry of larger molecules. The cis-side vestibule and trans-side lumen are separated by
a narrow constriction or pinch point that is about 1.5 nm in diameter, while the opening to the cisside is 2.6 nm in diameter and a 2.2 nm opening for the trans-side.28 This structure is based on an
x-ray crystallography study.28 When sensing with an αHL pore the most common calibration
molecule is poly-ethylene glycol (PEG). PEG is used because it creates current blockades with
low-noise Gaussian fluctuations that are easy to analyze. In addition, PEG partitions in and out of
the pore without blocking it for extended periods. This enables reasonably high-throughput
detection for precise analysis.30
Figure 2B shows a single current blockade arising from a PEG molecule blocking an αHL
pore. The most common information garnered from a blockade is the average open current
immediately before and after the blockade <io>, the average blockade current depth, <i>, and the
residence time in the pore, tres. From these parameters, the normalized current blockade depth
(<i>/<io>) is calculated for each event and a frequency histogram is formed showing the

3

distribution of each type of event. These histogram distributions will change depending on the
molecule being studied, applied transmembrane voltage, and molarity of the buffer solution.

Figure 2: SMNS nanopore analysis for PEG detection. (A) αHL nanopore sensing illustrated with analyte
entry from the trans-side of the pore. (B) Each entry yields a sizable current blockade with open current
<io> and blockade current <i>. The duration of each blockade tres can also be calculated. (C) Typical
frequency histograms of the current blockade depth <i>/<io> show the αHL pore’s ability to separate
blockades into different PEG components. (D) The residence time distributions can be isolated from each
of the different sized molecules. Figures altered and reproduced from Ref. 1(A and B) and Ref. 2 (C), and
Ref. 3 (D).

Researchers are making efforts to improve the resolution of the current blockade histograms (Fig.
2C).3,31 One way is to increase the time the studied molecule stays inside the nanopore, this
increase will decrease error in estimates of the blockade average and yield more accurate current
blockade distributions.

1.3

Understanding the Interaction Between Au25(SG)18 and PEG
This research project is a continuation of previous efforts that were described in my

master’s thesis.32,33 In that work we showed that Au25(SG)18 clusters can be trapped in the cis-side
vestibule of an αHL pore and that this extends the residence times of PEG molecules in the transside lumen.33 At the time, we hypothesized that the increased residence time resulted from a
4

Coulombic attraction between the cationic PEG and anionic cluster. This was justified with several
control experiments and appeared to provide a sufficient explanation for the enhancement effect.
Later efforts focused on expanding the cluster-based detection to cationic peptides of biological
interest.13 However, these studies have shown less residence time enhancement for the peptides
than the PEG, which suggests that it is more than simply a Coulombic attraction driving the clusterenhancement effect. Temperature studies that can separate the role of both enthalpy and entropy
in the cluster-polymer interaction will help elucidate the mechanism for the enhancement. The
laser-based heating apparatus developed as part of this thesis is ideally suited to address this issue.
This work is motivated by the fact that understanding how Au25(SG)18 clusters interact with
charged peptides will give a more informed approach towards optimizing the cluster-peptide
interaction. This in turn will allow label-free identification of components in a heterogeneous
mixture of peptides, which in turn will enable single molecule detection of protease kinetics that
play an important role in disease onset and development.13,34–42

1.4

Identifying dsDNA for Forensic Applications
In addition to thermodynamic studies with the cluster-enhancement, an additional line of

laser-heating experiments will be carried out on duplex DNA. The objective of this work is to
utilize laser heating to distinguish between varying sizes of DNA duplex molecules thus enabling
quantifiably different mixture ratios of similarly sized short tandem repeat (STR) DNA for forensic
applications. A major challenge in the forensics field is the analysis of samples that contain an
unknown number of DNA contributors.43,44 Current techniques require samples to be collected
from the crime scene, preserved and given to a forensics laboratory where an amplification
5

technique is used to develop a DNA profile.44 The regions of the genome currently used to identify
specific people

Figure 3: Depending on an individuals’ inherited genotype, they will have either a hetero- or homozygous
STR locus. (A) When a single heterozygous individuals’ DNA is taken from a firearm in this instance it
will have a 50/50 mixture of their unique TPOX DNA, while a homozygous person will only leave a single
sized mixture. (B) If two individuals touch the same firearm they will then create a complex mixture of
differently-sized DNA.

are various short tandem repeat (STR) loci.45,46 These STR strand lengths vary between each
person by the number of times a DNA sequence is repeated. Figure 3 illustrates how an evidentiary
sample from a crime scene (i.e. blood stains from a firearm) might produce two possible STR
mixtures for forensic analysis. Fig. 3A shows a single contributor who can produce one or two
unique alleles (a homozygous or heterozygous STR mixture), while Fig.3B shows that if there are
multiple contributors to the DNA profile a more complex STR mixture will be produced during
the analysis process. The processes that are used to analyze the DNA samples are expensive, time
consuming, and not easy to rapidly determine whether a sample contains DNA from one or more
contributors.
In order to help the forensics community, nanopore sensing, in conjunction with laserbased heating, may be able to rapidly determine whether or not samples contain STR DNA from
6

one or more contributors. Thus, allowing for an inexpensive, effective, and fast method to identify
a single versus multiple DNA samples.

1.5

Purpose and Goals
Chapter 2 presents a novel method for joining a 1444nm IR laser with a nanopore sensing

system in an effort to overcome previous issues with bulk heating methods. We lay the ground
work for our future heating experiments by associating the current jump with the change in heat
being applied locally to the nanopore system. We also explore the kinetic process to extract
various distributions of mixture populations from homopolymer duplex DNA. This work shows
the proof of concept that dsDNA can be measured reliably using a nanopore with the addition of a
laser heater. The ability to extract the enthalpy and entropy of various sized duplex homopolyer
DNA solutions, will further expand the nanopores usefulness to distinguish and examine a wide
variety of biologically relevant solutions.
Chapter 3 expands on our groups previous efforts with Au25(SG)18 nanoparticle-PEG
interactions in a biological nanopore system, by exploring the free energy of interaction between
the cluster and polymer with the goal of quantifying both the enthalpy and entropy of the goldpolymer interaction within the nanopore volume. The goal is to show that by studying the details
of the free-energy barrier to escape for various polymers, we extract a more complete picture of
polymer-nanopore interactions. This work can lead to the design of better and more-optimized
detection strategies for polymer-based nanopore detection.
Chapter 4 reports on our efforts to apply the heating to the problem of TPOX-STR duplex
DNA analysis. Our earlier results show promise and the ability to distinguish between TPOX
7

strands differing in size by only one allele. This shows the feasibility of quantifying various
mixture ratios of TPOX DNA in order to distinguish between mixtures containing multiple
contributors.

8

Chapter 2:

Classifying the Nanopore Systems with a Laser

2.1 Introduction

Single molecule detection and manipulation enables one to probe structure and function by
applying and measuring forces within or between molecules.47–50 One of the most effective single
molecule techniques is resistive-pulse nanopore sensing,3 which offers a number of important
advantages including label-free detection and the ability to measure the properties of a large
number of molecules over a short period of time.10,11,14 Many researchers have expanded nanopore
sensing by coupling temperature control to measure the thermodynamic properties of a variety of
molecules.14–22,51 These efforts utilized a “bulk heating” approach with the nanopore system
enclosed in a sealed chamber that is heated with a large-scale device (i.e. Peltier chip). While this
approach allows controlled access to a wide range of temperatures, it can be limiting because the
heating apparatus restricts optical access to the pore, which precludes the use of other useful
techniques (i.e. Raman spectroscopy23 and single molecule fluorescence52,53). In addition, the
bulk-heating approach requires long heating and cooling times ( minutes) because of the
relatively large volumes utilized ( mL). This can lead to problems with electrolyte evaporation
9

that need to be carefully addressed to enable accurate measurements.24

Overcoming these

limitations requires the development of a new approach to temperature control in and around a
nanopore sensor. This has recently been the focus of some researchers that have incorporated
laser-based heating with nanopore sensing to enable highly localized heating near and around the
pore.54–57
Two different types of laser-heating have been studied in the context of nanopores. These
are nanoplasmonic-assisted heating and direct absorption of short-wavelength infrared (SWIR)
light.58

Both methods have their respective advantages and disadvantages, but the SWIR-

absorption method is particularly attractive because it does not require modification of the pore
sensor. In this chapter, we explore the use of SWIR-based heating applied to resistive-pulse
nanopore sensing and demonstrate its potential to address the problem of DNA mixture analysis.
Characterizing the relative proportion of different-sized DNA molecules in a mixture is an
important bioanalytical technique with applications in cellular biology,59 forensics60 and
genomics.61 Forensic science in particular could benefit from the analysis of short DNA strands
as the majority of the amplicon lengths of single nucleotide polymorphisms (SNPs) and many
“mini” short tandem repeat loci fall in the range of 50-100 nucleotides in length.45 Discrimination
between different STR genotypes could be enabled with a rapid method for distinguishing between
different-sized DNA.

This is because alleles typically vary in length by multiples of 4

nucleotides.62
Nanopore sensing has a long history of DNA analysis beginning with the seminal paper by
Kasianowicz et al.12 that showed single-stranded DNA (ssDNA) could translocate through an alpha
hemolysin pore under a sufficient applied transmembrane potential (> 60 mV).63 The transit of
10

these ssDNA molecules gives rise to sizable current blockades that can be analyzed to infer
information about the size and sequence of the particular molecule.64 While nanopore sequencing
is currently being tested with the MinION system (Oxford Nanopore Technologies),65 the problem
of forensic STR mixture analysis remains, and can be performed using short DNA strands (100
nt). Nanopore sensing provides an interesting approach to this problem because the time an STR
DNA fragment spends in an αHL pore will depend on sequence length or the number of repeat
units in the molecule.3,66,67 Therefore, analyzing differences in residence time distributions should
enable one to characterize the relative proportion of different sized alleles in a given mixture.
Double stranded DNA is too large to translocate through an αHL pore (dpore  2 nm)12 so it
usually blocks the pore indefinitely and requires a voltage reversal that “kicks-out” the molecule.
However, the application of sufficient heat and transmembrane voltage lowers the free energy
barrier to denature dsDNA and facilitates movement of DNA through the pore.14,67 This means
dsDNA residence times will depend exponentially on the free energy barrier to unzipping, which
in turn means the residence times can be controlled by adjusting the applied voltage and solution
temperature within the pore.
The goal of this work is twofold, the first is to demonstrate that nanopore sensing can work
in conjunction with SWIR-based heating to increase the efficacy of this single molecule technique
and provide an efficient way to control both the on and off-rates of DNA with the pore. The second
is to use this methodology to quantitate binary mixtures of different-sized short homopolymer
dsDNA molecules. Given that duplex melting temperatures depend on both the length and
sequence of DNA,67 correlation of residence time strictly to dsDNA length is not
appropriate. However, if we limit the discussion to comparing residence times of STR loci, then
11

the DNA fragments have common sequences, with length dependent on the number of simple
repeating units.

Figure 4: Schematic illustration of the experimental setup along with a typical current blockade that results
from a dsDNA molecule entering an αHL pore. (A) A horizontal lipid bilayer membrane assembly sits atop
an inverted microscope. Light from a 1444 nm CW diode laser is focused through an objective (4× NA =
0.15) onto a lipid bilayer membrane that contains a single αHL nanopore through which dsDNA will not
translocate. The laser heats the solution and initiates unzipping of dsDNA within the pore volume. It is
unlikely that the DNA is completely denatured at the temperatures studied, but rather, the DNA undergoes
fraying were several nucleotides separate at the ends (ref 68). (B) During this process the frayed molecule
probes the trans-side lumen without translocating completely through the pore as evidenced by the
downward fluctuations during the blocked pore current. After some time, the DNA is unzipped and
translocates through the pore. The residence time for the entire event is recorded. Ground voltage is
referenced to the trans-side of the pore throughout all experiments. The blockade shown corresponds to
polyA20 dsDNA with 120 mV applied transmembrane potential in 1 M KCl. The laser power into the back
of the microscope was 26.9 ± 0.3 mW, which yielded a temperature of 40.8 ± 1.6 °C.

This reduces the variation of melting temperature due to sequence difference, and it should
be possible to utilize our heating approach to quantify STR DNA mixtures by comparing residence
time distributions. To demonstrate proof-of-principle, we show that one can use laser-based
heating to manipulate the residence times of different sized homopolymer duplex DNA to enable
quantification of the relative population of DNA species within a binary mixture. This has the
potential to improve STR DNA mixture analysis for a number of important applications.
12

2.2

Experimental Section
Unless stated otherwise, all chemicals were purchased and used as received from Sigma

Aldrich (Sigma, St. Louis, MO). Figure 4A shows a schematic illustration of the experimental
setup and Fig. 4B shows a typical current blockade time trace. The experiment is performed on
an inverted microscope (Zeiss Axioobservor D, Carl Zeiss, Germany) to enable clear optical
access. A lipid bilayer membrane (10 mg/mL DPhyPC (Avanti, Alabaster, AL) in hexadecane)
formed by a previously described painting method33 serves as a support for a single αHL channel.
The top and bottom chambers are filled with matching electrolyte solutions and a Teflon sheet
with a 50 micron hole (Eastern Scientific LLC, Rockville, MD) is positioned ca. 200 microns
above the bottom chamber coverslip. Following a previously described method for inserting single
channels into membranes,69,70 a microforge (Warner Instruments, Hamden, CT) is used to create a
small glass ball (ca. 150 m) at the end of a micropipette. The ball is placed in a 0.5 mg/mL HL
(List Biological, Campbell, CA) solution for approximately five minutes. Using a motorized
manipulator, the pore loaded glass ball is positioned over the membrane and lowered until it makes
contact with the membrane. If multiple pores are inserted into the membrane then the proteincovered ball is removed and a second glass paintball is used to repaint the membrane. This process
is repeated (typically less than 5 attempts) until a single stable pore is inserted into the membrane.
An I-V curve is measured to detect a slight rectification confirming the pore is in the correct
orientation (cis-side up).71 Collimated light from a continuous wave (CW) 200 mW, 1444 nm
diode laser (MILIII-1444, Opto Engine, Midvale, UT) is aligned into the back aperture of a 4
microscope objective (20% transmission at 1444 nm, Plan-Achromat, Thorlabs, Newton, NJ)
mounted onto the inverted microscope. All reported laser powers are measured with a meter (PN:
S122c, Thorlabs) located at the back aperture of the objective. The beam focus appears as a purple
13

spot on a CCD camera (PN: DCU223C, Thorlabs), slightly larger than the 50 micron hole in the
Teflon sheet, which provides approximately uniform heating across the entire lipid membrane. 68
Double stranded DNA (Midland Certified Reagant Co., Midland, TX) dissolved at room
temperature in TRIS-EDTA buffer pH 7.4 is added to the cis-side chamber at various
concentrations (ca. 5 μM) and a transmembrane voltage is applied across the lipid bilayer
(electrical ground is fixed on the trans-side of the membrane). The pH of a TRIS buffer solution
depends on temperature (-0.028 pH units/oC),72 which causes the pH of our solutions to decrease
from 7.4 to 6.5 over the reported temperature range. However, we expect this will have little effect
on the melting temperature of the DNA studied herein73 and on the sensing capabilities of the
pore.74 Nomenclature for the dsDNA used is as follows: polyAn corresponds to dsDNA with n
adenine basepairs hybridized with a complementary and equal length homopolymer strand of
thymine.
Temperature calibration is performed by noting that increasing solution temperature leads
to an increase in the ionic conductivity.27 A previous study showed a non-linear dependence
between solution temperature and open pore αHL conductance.17 A subset of this data is
reproduced in Fig. 5A and the data is well fit with a 2nd order polynomial

G
 a1T  a2 T 2
G0

(1)

where G and T are the change in the pore conductance and temperature respectively while G0
is the pore conductance at room temperature (T0 = 22 ± 1 oC). This fit is used to assign temperature
values for each experiment based on the relative change of the measured open state current that
results from the IR laser impinging on the αHL pore. All reported uncertainties for elevated
14

temperatures have been propagated with Eq. 1 and correspond to ±1 S.D. Figure 5B shows the
rapid heating enabled with laser-induced IR excitation. A laser pulse with duration 1-second
impinges on the pore and quickly raises the solution temperature to T = 52 oC. The heat-on and
off rates are commensurate with the nanoliter-sized heating volume.68

2.3

Results and Discussion

DNA nanopore analysis with biological pores typically focuses on ssDNA because dsDNA is too
large to fit through most of the pores studied.12 At room temperature the dsDNA enters the pore
and blocks it for long periods of time. However, increasing the solution temperature lowers the
threshold barrier to unzip the DNA and force it through the pore.14 This suggests that the mean
residence time of dsDNA within a pore can be adjusted by increasing the solution temperature.
This is demonstrated by the current traces in Fig. 6, which show that as temperature is increased,
30-mer homopolymer dsDNA blockades (polyA30) become shorter lived. This most likely results
from the localized electric field in the presence of the heated solution facilitating the unzipping
and subsequent translocation of DNA through the pore. The ability to tune the DNA residence
time from indefinite binding at room temperature to milliseconds at elevated temperatures suggests
that SWIR-based heating could be used as an additional analytical tool for DNA nanopore analysis.
We demonstrate the feasibility of this later in the paper with DNA mixture analysis.

15

Figure 5: Relative changes in nanopore conductance can be used to calibrate solution temperature. (A) A
subset of previously reported data is reproduced from ref 11 and rescaled in the normalized units shown.
The data (open circles) is fit with a second-order polynomial (solid line, eq 1) with the following
parameters: a1 = (1.3 ± 0.2) × 10–2 (1/°C) and a2 = (3.6 ± 0.6) × 10–4 (1/°C2). This function is used herein
to convert temperature-induced changes in the open pore current to solution temperatures. (B) The SWIR
laser heating enables rapid changes to the solution temperature as evidenced by changes to the αHL
conductance. The data (black) shows a typical response to a square wave step function of IR laser power.
The heat-on response is well-described by a three-term exponential offset function (red) with time constants
τ1 = 1.54 ± 0.03 ms, τ2 = 17.4 ± 0.3 ms, τ3 = 211 ± 2 ms and asymptotic value ΔG/G0|t→∞ = 0.7 ± 0.1,
which corresponds to a temperature jump of ΔT = 29.6 ± 3.7 °C. The data shown in the bottom figure was
taken in 3.5 M KCl with a 50 mV transmembrane applied potential with 57 mW of CW laser power
impinging on the back aperture of the microscope objective.

16

Figure 6: Heating the solution in and around an αHL pore below the duplex DNA melting temperature
(Tm ≈ 73 °C) (ref 75) leads to significant changes in the DNA residence times. It appears that the laser
heating can be used to adjust the residence time over several orders of magnitude. Data was taken with
polyA30 homopolymers dissolved in 1 M KCl under an applied transmembrane potential of 120 mV. The
solution temperatures are (A) 37.3 ± 1.4, (B) 41.4 ± 1.7, (C) 45.6 ± 1.9, and (D) 51.8 ± 2.3 °C. The
corresponding laser powers launched into the back aperture of the microscope objective are (A) 13.5 ± 0.1,
(B) 20.2 ± 0.2, (C) 26.9 ± 0.3, and (D) 33.6 ± 0.3 mW.

The goal is to characterize a DNA solution by measuring the residence time distribution of
dsDNA duplexes within the pore volume. This is complicated by the fact that many of the
observed current blockades yield non-trivial, multistate fluctuations in the blockade state. A
typical blockade illustrating these complex fluctuations is shown in Fig. 7A. As the dsDNA is
forced into the cis-side vestibule of the pore, the current blockade exhibits rapid and noisy
fluctuations that make it difficult to analyze. These fluctuations most likely occur because the
DNA exhibits random movement in and out of the narrow lumen region of the pore28 where the
electric field is strongest.76 These fluctuations cause a large spread in the mean value of the current
blockade, which makes it difficult to isolate blockades that originate from dsDNA versus spurious
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blockades. In this study we are only interested in blockades that originate from duplex molecules
that spend some portion of time within the cis-side vestibule.

Figure 7: Nanopore duplex DNA blockade analysis. (A) A single blockade induced by a 30-mer DNA
molecule impinging on an αHL pore. The current in the blockade state undergoes non-Gaussian fluctuations
that most likely result from the DNA probing the narrow lumen region of the pore where the electric field
is strongest (ref 48). For the work presented herein, we are only concerned with the duration of events
described in Figure 1, which requires a method for determining which events correspond to the molecules
residing in the cis-side vestibule for short periods of time. (B) Averaging each blockade (light gray line,
panel A) makes it difficult to identify these events as evidenced by the broad distribution of averaged
blockade currents (light gray, panel B). To address this, we perform an all-points histogram of each
blockade and locate the peak corresponding to the largest blockade level (red line, panel A). These levels
are used to construct a modified current blockade distribution (red, panel B), and our residence time analysis
only considers events from the large narrow peak in the overall distribution (red, panel B). This data was
measured under identical solution conditions as those described for Figure 3C.

To identify the dsDNA events and separate them from spurious events (i.e. blockades from
unhybridized ssDNA), we calculate the histogram of each current blockade and perform a peak
fitting algorithm to identify the largest current blockade level (i.e. most shallow blockade). This
level corresponds to the molecule residing in the cis-side vestibule.77 Figure 7B shows the current
blockade distribution calculated from the overall mean of the blockade current (light grey) and the
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largest current level (red) of each blockade. The latter results in a narrow current distribution,
which enables easy identification of blockades originating from dsDNA. Events corresponding to
blockades in this narrow band (with typical values i/iopen  0.25) are the only ones used to construct
residence time distributions from which the mean unzipping time is extracted.

Figure 8: Residence time and current blockade distributions for polyA30 dsDNA under increasing
temperature. Increasing the solution temperature decreases the magnitude or depth of the current blockades
as evidenced by the rightward shift of the sharp peak in the current blockade distribution. The residence
time distributions are well-described by single-exponential functions with decay times that cover nearly 3
orders of magnitude. Data was collected at the temperatures shown under 120 mV applied transmembrane
potential in 1 M KCl solution.

Figure 8 shows a series of blockade distributions and corresponding residence time
distributions for polyA30 dsDNA over a range of temperatures. The largest current blockade levels
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Figure 9: Mean blockade residence time for different-sized DNA at various temperatures yields the entropy
and enthalpy of duplex melting. (A) The mean residence times with 120 mV applied transmembrane
potential in 1 M KCl solution are well-described with the Eyring transition state theory for polyA20 (red
circle), polyA30 (blue squares), and polyA50 (green triangles). Weighted least-squares fits to the data (solid
lines) with ln(τres/τ0) = (ΔHn/kB)(1/T) – (ΔSn/kB) yield the following values for the enthalpy and entropy
of unzipping: ΔH20 = 67.9 ± 0.9 kcal/mol, ΔS20 = 192 ± 3 cal/mol·K; ΔH30 = 71.0 ± 0.9 kcal/mol, ΔS30 =
198 ± 3 cal/mol·K; ΔH50 = 77.5 ± 3.5 kcal/mol, ΔS50 = 215 ± 11 cal/mol·K. (B and C) The lower two
figures show the enthalpy and entropy that are linearly dependent on the contour length of the DNA as
expected. Weighted least-squares fitting to both curves yields slopes of 0.31 ± 0.10 kcal/mol/bp and 0.7 ±
0.3 cal/mol·K/bp, which are also about a factor of 25 less than the expected free solution values (ΔH/n ≈ 8
kcal/mol/bp and ΔS/n ≈ 20 cal/mol·K/bp) (ref 52), but this discrepancy is most likely due to the applied
force and confinement of the unzipped DNA.

show a slight increase (rightward shift) with increasing temperature that is consistent with the pore
getting larger under applied heat.15,78 More importantly, the dsDNA blockade residence time
distributions are well described by single exponential functions with time constants that vary over
several orders of magnitude.

Larger DNA molecules (polyA50) exhibit double-exponential

residence time distributions that most likely result from the dsDNA extending outside the pore and
creating an entropic spring that facilitates exit of the molecule out the cis-side of the pore (see
Supporting Information).79 While the temperatures applied are well below the expected melting
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temperature for this 30-mer DNA molecule (Tm  73oC),75 we believe that the molecule
experiences a significant force facilitated by the applied voltage, which lowers the barrier to
unzipping within the pore.
Figure 9A illustrates how the mean residence time for a range of dsDNA sizes and
temperatures can be used to estimate changes of enthalpy and entropy of unzipping dsDNA
duplexes. We assume the mean dsDNA residence times can be described by an Eyring transition
state model68
 G 

 k BT 

   0 exp 

(2)

where G is the free energy of DNA unzipping (not to be confused with the conductance change
in Eq. 1), kB is Boltzmann’s constant and T is the absolute temperature. The0 prefactor is the
attempt frequency of the dsDNA to exit the pore, which we set equal to 1 μs.67
Using Eq. 2 we fit the residence time factor ln(/0) to the inverse temperature to extract
the unzipping enthalpy H and entropy S from the slope and intercept (i.e. G = H - TS).
Figures 9B and 9C show that the enthalpy and entropy scale linearly with the length of the DNA
from 20 to 50 nucleotides, but it appears that duplex melting yields lower changes in enthalpy and
entropy than observed in bulk solution measurements.80 Both results are expected given the
applied electrical force on the molecule and the nanoconfined environment of the DNA.14
The infrared heating enables rapid control of duplex residence times within the pore.
Figures 9 and 10 demonstrate that SWIR-based heating allows the mean residence time of the
dsDNA to be adjusted over a wide range of values. More importantly, the mean time for unzipping
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appears to obey the Eyring transition theory, which means the DNA residence time depends
exponentially on homopolymer DNA length rather than linearly as expected for simple transit
through the pore. This greatly separates the mean residence times for similarly-sized molecules.
For example, the mean residence time of 30-mer ssDNA is ca. 50% greater than 20-mer ssDNA
because the mean residence time scales with the length of the molecule.12 However, the mean
residence time for 30-mer dsDNA (30 = (30.3 ± 0.9) ms) reported here is nearly 5-fold greater
than 20-mer dsDNA (20 = (6.43 ± 0.27) ms) when the IR laser heats the solution to T  50 oC.

Figure 10: Various mixtures of 20-mer and 30-mer DNA show distinct residence time distributions that
can be used to measure the percentage of each molecule in a mixture. The upper figures correspond to
monodisperse solutions with mean residence times of (A) τ20 = 38.6 ± 1.6 ms and (B) τ30 = 201.5 ± 9.0
ms for the 20-mer and 30-mer DNA, respectively. (C) A 20/80 mixture of 20-mer and 30-mer DNA yields
a double-exponential residence time distribution of C20 exp(−t/τ20) + C30 exp(−t/τ30) with the following
parameters: C20 = 122 ± 10, τ20 = 18.9 ± 2.1 ms; C30 = 31.6 ± 2.1 and τ30 = 251 ± 12 ms. These fit
parameters can be used to estimate the percentage of blockades from 20-mer
DNA P20 = C20τ20/(C20τ20 + C30τ30) = 0.23 ± 0.04. (D) The 50:50 mixture, analyzed in a similar
manner, leads to the following parameters: C20 = 221 ± 14, τ20 = 40.8 ± 3.6 ms; C30 = 26.3 ± 4.6, τ30 =
320 ± 37 ms and corresponding 20-mer percentage P20 = 0.52 ± 0.12. Both mixtures show qualitative
agreement with the actual percentage of 20-mer DNA present in the mixtures. All measurements were taken
under a 120 mV applied transmembrane potential in 1 M KCl with a weighted average temperature of T =
44.7 ± 1.9 °C across the four different experiments. The red solid lines correspond to a weighted leastsquares fits of the data, and all error bars correspond to ±1 SD.

22

This increased difference is due to the fact that the rate limiting step for the dsDNA
blockade is the unzipping process while the rate limiting step in the ssDNA case is the transit of
the molecule through the pore. This suggests that the SWIR-based heating could be an important
analytical tool for discriminating between similarly sized STR DNA molecules. Figure 10
illustrates this point by showing the residence time distributions for a variety of mixtures of
polyA20 and polyA30 dsDNA. For homogenous mixtures we see single exponential distributions
well separated in time. This is in contrast to the binary mixtures of 20 and 30-mer DNA which
yield more complicated residence time distributions. Specifically, the mixture residence time
distributions can be approximated by linear combinations of the 20 and 30-mer distributions with
weights corresponding to the relative proportion of polyA20 and polyA30 in each mixture. It
appears in the cases shown, analyzing these distributions provides an accurate measure of the
relative proportion of different sized DNA in a particular mixture. This has the potential to
improve characterization in many fields including forensic DNA analysis. Specifically, the ability
to identify and quantify relative proportions of DNA mixtures would enable a rapid analysis of the
evidence profile.43 Rapid initial analysis of forensic samples is a topic under increasing focus,
given the impending advent of high-throughput DNA sequencing methods for casework, which
will require extensive sample preparation, analysis and computing time for each sample, and the
increased associated costs per sample therewith. With a rapid analysis method, exclusions of
individuals as well as mixture identification is possible, and would allow for alternative forensic
workflows to be pursued when necessary.
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2.4

Conclusion
Nanopore sensing provides an important tool for single molecule analysis. Some studies

have considered temperature effects via bulk heating methodologies. More recently, laser-based
heating has become an attractive feature because of the rapid heating times and optical access
afforded by this methodology. In this paper we describe the use of infrared laser heating as a
straightforward approach to the problem of temperature control with nanopore sensing, and apply
this technique to the problem of short-strand duplex DNA analysis. The approach shows the ability
to tune the residence time of dsDNA up to 50-mer in length in an αHL pore and use this tuning
capability to quantify the composition of binary mixtures of different sized-DNA. This presents a
new method for DNA nanopore analysis with potential applications in a number of important
bioanalytical studies.
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Chapter 3

On the roles of entropy and enthalpy in polymer-nanopore
interactions: Single molecule thermodynamics

3.1 Introduction

In 2014, we performed a study to improve SMNS methodology by using thiolate-capped,
water-soluble, gold clusters (Au25(SG)18) loaded on the cis-side of the pore with a polydisperse
mixture of PEG loaded on the trans-side. The purpose was to see if one could improve the SMNS
analysis of cationic PEG33 in the presence of anionic gold clusters. It was found that when PEG
interacts with Au25(SG)18 (Fig. 11A,B) there is a ca. 20-fold increase in the residence time and this
increased residence time improved the resolution of the current blockade depth peaks and the range
of PEG sizes that could be detected (Fig. 11C, D). This exciting result has led to improved analysis
of charged polymers.
After the 2014 paper was published the next steps were to classify the gold cluster33 and
then expand on the polymers being looked at to more biologically relevant materials.

To

demonstrate proof-of-principle, we selected five biologically relevant water-soluble peptides (leu
enkephalin (LE) (Proteochem, Hurricane UT), angiotensin I (A1), angiotensin II (A2),
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polyglutamine binding peptide 1 (QBP1) and neurotensin (NT)) whose descriptions, amino acid
sequences, molecular weights and calculated charges at pH 7.2 and pH 5.8 are all listed in Table
1.

Figure 11: Thiolate-capped gold clusters enhance the SMNS detection methodology by increasing the
residence time of PEG in the pore. (A) With no gold in the pore, PEG molecules enter and exit the transside of the pore giving rise to short lived and deep current blockades. (B) Au25(SG)18 enters the pore from
the cis-side and reduces the current by ca. 30% leaving sufficient range for PEG detection from the transside. The residence time of the PEG is seen to greatly increase in the presence of the gold. (C) The
corresponding current blockade distributions for the PEG mixture both with (blue) and without (red) a
cluster in the pore. The large peak corresponds to the PEG 28 molecules because we spike in a homogenous
solution of PEG 28 into the polydisperse mixture of PEG 1000 and PEG 1500. This allows us to identify
each of the peaks in the current blockade distributions. (D) The corresponding mean residence times for
the same PEG with (blue) and without (red) the cluster in the pore shows at least an order of magnitude
increase in the residence time, which yields the higher resolution peaks in the current blockade distributions
(C, blue). All data was taken on the same pore fluctuating between open and gold-occupied states under a
60 mV applied transmembrane potential in 3M KCl with [PEG1000] = [PEG1500] = 5 μM, [PEG28] =
1μM and [Au25(SG)18] = 20 μM. Figures reproduced from Ref. 33.

Regardless of the exact mechanism of peptide escape from the pore, the presence of the
gold cluster serves to increase the mean residence time and the on-rate of analyte to the pore.
Increasing the residence time leads to more accurate estimates of the blockade depth (⟨i⟩/⟨ig⟩) and
this in turn yields narrower peaks in the blockade distributions (fwhm).33,81 Figure 12B illustrates
that this is also true when detecting and analyzing blockades from cationic peptides. In all cases
the cluster increases the mean residence time ca. 3-fold. All of these results show that introducing
charged metallic clusters in the cis-side of the pore leads to improved sensing of the cationic
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MW
Charge (e) pH 7.2 Charge (e) pH 5.8
(g/mol)
Leu-Enkephalen (LE)
YGGFL
555.62
0.00
0.00
Angiotensin II (A2)
DRVYIHPF
1046.18
+0.06
+0.62
Angiotensin I (A1)
DRVYIHPFHL
1296.48
+0.11
+1.24
QBP1
SNWKWWPGIFD
1435.58
-1.00
-0.99
Neurotensin (NT)
ZLYENKPRRPYIL 1672.92
+1.00
+1.02
Table 1: Name, sequence, molecular weight, and charge at pH 7.2 and pH 5.8 for the peptides studied.
Peptide

AA Sequence

peptides as evidenced by the increased on-rate of peptides to the pore, residence time of peptides
in the pore, and narrowing of the blockade distributions by up to 25% from the open pore system.
It is worth noting that while the QBP1 anionic peptide shows an unexpected increase in the mean
residence time with a cluster in the pore, the efficacy of sensing the anionic peptide with the goldoccupied pore is reduced because the repulsive interaction between the anionic gold-cluster and
QBP1 lowers the peptide on-rate and destabilizes the gold states (See Table 2).

LE (n = 5)
A2 (n = 6)
A1 (n = 6)
QBP1 (n = 3) NT (n = 3)
i/iopen
0.735 ± 0.019 0.432 ± 0.022 0.339 ± 0.016 0.307 ± 0.024 0.184 ± 0.007
i/igold
0.744 ± 0.028 0.448 ± 0.022 0.354 ± 0.019 N/A
0.216 ± 0.013
-1
kon (s ) (open)
5.0 ± 1.8
6.1 ± 2.4
6.7 ± 1.5
7.2 ± 1.4
3.1 ± 0.4
-1
kon (s ) (gold)
13 ± 5
11 ± 4
11 ± 3
3.8 ± 1.8
6.4 ± 1.3
2.5 ± 0.6
31 ± 8
8.2 ± 1.5
res (ms) (open) 0.019 ± 0.007 0.57 ± 0.29
6.4 ± 1.5
68 ± 2
24 ± 4
res (ms) (gold) 0.036 ± 0.004 1.2 ± 0.6
SD (pA) (open) 2.2 ± 0.6
11 ± 1
16 ± 3
20 ± 1
11 ± 1
SD (pA) (gold) 2.4 ± 0.9
10 ± 1
14 ± 2
N/A
9.2 ± 0.2
FWHM (open) 0.051 ± 0.010 0.046 ± 0.008 0.040 ± 0.009 0.044 ± 0.003 0.019 ± 0.004
FWHM (gold)
0.064 ± 0.019 0.045 ± 0.011 0.035 ± 0.002 N/A
0.015 ± 0.002
Table 2: Summary of the mean blockade depth, peptide on-rate (kon), residence time (res), blockade
standard deviation (SD), and blockade distribution peak widths (FWHM). The N/A shown in the QBP1
column denotes the fact that QBP1 led to too few events in the gold occupied states to enable a well-defined
peak in the current blockade distribution. n represents the number of pores the data was collected over.13
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Figure 12: Schematic of how the gold cluster and peptides interact and current traces representing both
cases. Before the cluster enters the cis-side of the nanopore (A, left) short blockades from neurotensin
peptides entering the trans-side of the pore are observed. (A, right) After a gold cluster enters the cis-side
of the pore the open current decreases and the peptide blockades become longer. Suggesting there is an
interaction between the gold cluster and the peptide. (B) Represents the current blockade distribution for
five different peptides. NT(pink), QBP1 (gold), A1 (blue), A2 (green), and LE (orange), in the two different
configurations, unblocked (B, top) and without gold (B, bottom). Each peptide gives rise to a single peak
similar to PEG distributions which means analysis can be performed in a similar fashion. (C) The blockade
residence times for their corresponding peptide, with gold (circles) and without gold (squares), in each case
the gold cluster state shows low level enhancement in the residence time. The solid lines correspond to
least-squares fits to the data with single exponential functions to obtain the mean residence time. All data
shown here, unless otherwise noted, was taken under the following conditions: 3M KCl, pH 7.2, 70 mV
applied transmembrane voltage, [peptide] = 20 μM. Each peptide’s open and gold-occupied data was
collected on the same pore.

Therefore this new cluster-enhanced SMNS methodology has been recently applied to peptide
detection where the residence time enhancement factor decreased from 20-fold to ca. 3-fold.13
This suggests the interaction between the gold cluster and PEG is much stronger than the
interaction for the peptides, but this is surprising given that the charge of the peptides studied is
on the order of the expected charge of the PEG. This discrepancy in the enhancement factor points
to a need to better understand and quantify the interaction between the peptides and clusters in the
nanopore. This work will merge SWIR laser heating with a nanopore system to vary the
temperature in order to extract the enthalpy and entropy components of the free energy barrier for
PEG-28, Angiotensin 1, Angiotensin 2, and Neurotensin with the open alpha hemolysin pore and
a pore with Au25(SG)18 cluster contained in the cis-side vestibule.
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3.2

Current work
Nanopore-based resistive pulse sensing is an effective tool for single molecule analysis.3,33

It has shown great promise for single molecule DNA sequencing of short to medium length strands
(<10kbp)12 and recent work has reported success with addressing issues related to sequencing
DNA with high repeat numbers and long strands.82,83 Work continues to evolve with DNA
sequencing while nanopores have also been used to characterize a wide variety of molecules
besides DNA that includes proteins,84–86 peptides,86,87 polymers,88 metallic clusters,33,89,90 RNA.91–
94

The advantages of the nanopore sensor arise from its ability to detect in a label-free manner

with high throughput (~10 events/s) while modifying the local environment (force via voltage,
temperature).82,95 Effective resistive-pulse nanopore sensing requires that molecules spend a
significant amount of time within the pore volume so that the corresponding current blockades
yield easily measurable characteristics. Given the typical pore dimensions ( 5 nm) and diffusion
coefficients of the aforementioned molecules (D10-10 cm2/s)9 it seems likely that for molecules
to escape from the pore they must overcome a free energy barrier parameterized by an enthalpic
and entropic component.1,13 The goal is to have the molecules of interest spend extended periods
of time in the pore and characterizing the free energy barrier will help optimize the nanopore to
enable long-term interrogation of molecules in the pore.
Increasing the duration of analyte molecules in the pore is a long-standing issue with single
molecule nanopore spectrometry (SMNS)96 and our lab has developed an interesting approach to
the problem by using nanoclusters that increase the residence time of PEG in alpha hemolysin
nearly 20-fold. This increase in residence time was shown to increase the size range sensitivity
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and resolution of detection.33 In addition to PEG detection, gold nanoclusters have also expanded
the alpha hemolysin pore’s ability to analyze more biologically relevant peptides. 13,81 Solutionbased peptide characterization is of particular interest due to its role in various disease detection
(e.g. cancer, etc.).37–42

The most common method for peptide identification is to use an

immunoassay protocol.97,98 These protocols are effective, but they can be time-consuming, which
limits their efficacy and the possibility of developing point-of-care peptide-based diagnostics.
Characterizing peptides in solution can play an important role in understanding the onset
and development of various diseases (i.e. hypertension, cancer, etc.).37–42 Previous nanoporebased studies have shown that peptide detection is possible, but limited given the high degree of
noise associated with each peptide induced current blockade. To overcome this, we have reported
on the use of Au25(SG)18 metallic clusters to increase the residence time of these peptides by a
factor of 3. Interestingly, the same clusters yield a 20× residence time enhancement for PEG-28.
A critical question is why PEG spends so much more time in the cluster occupied pore than the
peptides. Answering this question requires a better understanding of how these peptides interact
with the gold-pore complex. In turn, this will lead to better cluster enhancement methods.
Previous studies have estimated the total Gibbs free energy81,99 without temperature control, so no
information is available on the enthalpy and entropy components of the analyte-pore interaction.
Laser based heating provides an effective method for extracting this information by merging the
nanopore sensor with a variable heating source.
Various heating methods have been used to expand the sensing capabilities of nanopore
sensors to observe various transitions in the examined molecules.14–19 Bulk heating methods often
use large sealed (Peltier chips) chambers that heat over long periods of time to see changes in a
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molecules dynamics.100 This leads to several shortcomings; large volumes being heated means it
takes long periods of time to heat the solution to the desired temperature. This also leads to an
evaporation problem changing the concentrations of the solution over time. In addition, bulk
heating may cause lipid membrane supports to become unstable limiting the ability to collect data
over extended periods. Many bulk techniques also limit the ability to use various light-based
measurement techniques such as single-molecule fluorescence,53 and Ramen Spectroscopy.23
Another heating technique that overcomes these limitations is based on lasers. Either direct
heating of the water in and around the pore with infrared (IR) light58,82 or indirect heating via
nanoplasmonic-assisted heating.57 The drawback to nanoplasmonic-assisted heating is it requires
the nanopore to be modified which proves difficult with biological pores as the nanoparticles may
affect the stability and structure of the nanopore sensor over extended periods. Direct IR heating
removes this concern, and has already shown its use in several applications as well as expanding
its use to solid state nanopore systems.95 In this chapter, we will utilize direct IR heating to
extrapolate the entropy and enthalpy components of the free energy barrier for the polymer and
gold-pore complex. This study includes several biologically relevant peptides to shed light into
why their enhancement it not as prevalent as PEG and we report on the important role entropy
plays in the interaction of polymers with the pore.
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Figure 13: Schematic illustration of the experimental setup. (A) A lipid bilayer with a single nanopore is
arrange horizontally on an inverted microscope where a 1444nm CW Diode laser heating laser is launched
through an acousto-optic modulator (AOM). The light is then focused through an objective (4× NA = 0.15)
onto the nanopore system heating the solution immediately around the nanopore. In the present
experiments, we study the interaction of various polymers with and without a thiolate-capped gold cluster
in the pore. Previous work showed that for the case of PEG, the gold cluster greatly increased the interaction
time of the PEG as evidenced by the two current traces. By using a waveform generator to drive the AOM
a sawtooth function is produced to manipulates the applied heat to the system represented by the open state
current changing. (B-C) Shows the initial heating of the nanopore which changes the open state by 100pA
which corresponds to a ~25 degree temperature increase above the room temperature of 22°C. The
residence time for the entire event is recorded. Ground voltage is referenced to the trans-side of the pore
throughout all experiments. Data was taken at -80mV transmembrane voltage in a 3.5M KCl bath and
2.5uM concentration of PEG 28.
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3.3

Experimental Techniques
Unless stated otherwise, all chemicals were purchased and used as received from Sigma

Aldrich (Sigma, St. Louis, MO). Figure 13A shows a schematic illustration of the experimental
setup and Fig. 13B-C shows a typical current blockade time trace for the open (B) and gold (C)
states. The experiment is performed on an inverted microscope (Zeiss Axioobservor D, Carl Zeiss,
Germany) to enable clear optical access. A lipid bilayer membrane (10 mg/mL DPhyPC (Avanti,
Alabaster, AL) in hexadecane) formed by a previously described painting method33 serves as a
support for a single αHL channel. The top and bottom chambers are filled with matching
electrolyte solutions and a Teflon sheet with a 50-micron hole (Eastern Scientific LLC, Rockville,
MD) is positioned ca. 200 microns above the bottom chamber coverslip. Following a previously
described method for inserting single channels into membranes,69,70 a microforge (Warner
Instruments, Hamden, CT) is used to create a small glass ball (ca. 150 m) at the end of a
micropipette. The ball is placed in a 500 nL drop of 0.5 mg/mL HL (List Biological, Campbell,
CA) solution for approximately five minutes. The droplet evaporates and this causes a large
number of protein monomers to adhere to the glass ball. Using a motorized manipulator, the pore
loaded glass ball is positioned over the membrane and lowered until it makes contact with the
membrane. If multiple pores are inserted into the membrane then the protein-covered ball is
removed and a second glass paintball is used to repaint the membrane. This process is repeated
(typically less than 5 attempts) until a single stable pore is inserted into the membrane. An I-V
curve is measured to detect a slight rectification confirming the pore is in the correct orientation
(cis-side up).71 Collimated light from a continuous wave (CW) 200 mW, 1444 nm diode laser
(MILIII-1444, Opto Engine, Midvale, UT) is aligned into an acousto-optic modulator (AOM)
(PN:1040AF-AIFO-1.0, Gooch & Housego) where a sinusoidal function (1V, 250 mHz) controls
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the level of heat being applied. The light is aligned through the back aperture of a 4 microscope
objective (20% transmission at 1444 nm, Plan-Achromat, Thorlabs, Newton, NJ) mounted onto
the inverted microscope. All reported laser powers are measured with a meter (PN: S122c,
Thorlabs) located at the entry port of the objective. The beam focus appears as a purple spot on a
CCD camera (PN: DCU223C, Thorlabs), slightly larger than the 50 micron hole in the Teflon
sheet, which provides approximately uniform heating across the entire lipid membrane.68 For gold
cluster insertion, a pipette tip containing ca. 30 µM concentration of Au25(SG)18 clusters is
positioned ca. 50 micron above the bilayer membrane and a small backing pressure (15 hPa) is
applied to eject clusters towards the nanopore. Unless stated otherwise, the lower chamber (transside) contains 20 µM of polymer analyte (PEG-28 or peptide). Transmembrane voltages are
applied across the lipid bilayer (electrical ground is fixed on the trans-side of the membrane).

Figure 14: Residence time distributions for PEG28 and Angiotensin 1. The residence times in the gold
state (red) are longer lived than in the unblocked state (black) in both cases. Enhancement of PEG from
the cluster is about 20 times greater than when it does not interact with the cluster. As compared to the
angiotensin 1 peptide which the cluster only provides a 3-5 times enhancement. The enhancement caused
by the gold cluster in the PEG molecule is greater than in the Angiotensin 1n which motivates the need to
understand how the gold cluster is interacting with various near neutral molecules. All data taken in 3M
KCl under 70mV applied transmembrane potential. All analyte molecules enter the pore from the transside while gold clusters enter from the cis-side.
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3.4

Data Analysis
Data analysis for this project is similar to the method used in Chapter 2. Figure 14 shows

the residence time distributions for PEG 28 and Angiotensin 1. From this it is evident that both
analytes have residence time distributions that are well described by single exponential functions.
This means the polymer and pore can be modelled as the two species in a first order reversible
reaction (A+B  AB). This justifies our use of the Eyring Interaction model to describe the free
energy of the system. To extract the free energy barrier that must be overcome by the polymer to
escape from the pore we rewrite Eq. 1 to connect the mean residence time τ the enthalpy and
entropy components of the free energy barrier,
∆𝐺

𝜏

∆𝐻

0

𝑏𝑇

𝜏 = 𝜏0 exp (𝑘 𝑇) → ln (𝜏 ) = 𝑘
𝑏

∆𝑆

−𝑘 .
𝑏

(3)

Where, τ0 is the attempt frequency, τ is the average blockade residence time, ΔH is the
enthalpy, ΔS is entropy, kb is the Boltzmann constant, and T is the absolute temperature. This
equation sets up the 1/T graphs we will form in order to extract the enthalpies and entropies from
the slopes and intercepts. Now the τ residence time needs to be extracted in order to construct the
1/T graphs. The current method for calculating the mean residence time is to gather a sufficient
amount of data (200-300 blockade events) and then construct a histogram of those times from
which a least-squares fit with a single exponential function is used to extract the mean residence
time. This proves difficult in the continuous heating protocol because the temperature and open
state current are continually changing, which makes it difficult to construct residence times
distributions. In order to overcome this problem, we require a way to directly calculate the mean
residence time from a geometric mean of the residence times (rather than a fitted mean from a
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distribution). To do this, we note that the mean residence time for a sample of times measured
from a single exponential distribution is given by the following expression,
∞ 𝑑𝑡

𝜏 = ∫0

𝜏

𝑡𝑒𝑥𝑝(−𝑡/𝜏).

(4)

The problem is that it is not possible for us to measure blockade events faster than four or five
times the inverse sampling frequency, which we refer to as the cutoff time tcut. This means if we
n


calculate the arithmetic mean  i.e. AM   ti n  from a number of exponentially distributed
i 1



times, then we are actually measuring the following expression, τam,

𝜏𝑎𝑚 =

∞
𝑡
𝑑𝑡[𝑡𝑒𝑥𝑝(− )]
𝜏
𝑐𝑢𝑡
∞
𝑡
𝑑𝑡[𝑒𝑥𝑝(− )]
∫𝑡
𝜏
𝑐𝑢𝑡

∫𝑡

.

(5)

This differs from the actual mean τ by the inclusion of the new term, tcut, Equation 5 is the mean
residence time from an exponential distribution having a lower-time cutoff. This shifts the
estimated value of the mean. which can be seen by explicitly writing out the terms in Eq. 5,

𝜏𝑎𝑚 =

𝑡
𝜏(𝜏+𝑡𝑐𝑢𝑡 )exp(− 𝑐𝑢𝑡 )
𝑡
𝜏exp(− 𝑐𝑢𝑡 )

𝜏

.

(6)

𝜏

This easily simplifies to,
𝜏 = 𝜏𝑎𝑚 − 𝑡𝑐𝑢𝑡 .

(7)

Now, rather than extracting the mean residence time by fitting an exponential function to
the distribution constructed from many data points, we can now estimate the residence time by
calculating the arithmetic mean from fewer data points and shifting this value by the cutoff set by
the thresholding algorithm for identifying blockades. This allows one to build the Eyring transition
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plots with a near-continuous temperature variation as opposed to the small number of different
temperatures studied in the homopolymers DNA results in Chapter 2.
The thresholding method for identifying and analyzing blockades has been described
before. Briefly, we utilize in-lab software written on LabVIEW 11 to analyze current blockades.
Blockades are detected from the current by setting a threshold above the mean current open state
<i0> or gold occupied current <ig> (ca. 35%) for sufficient period of time (ca. 150-200 µs). For
each blockade, we calculate the average blockade current <i> and normalize that to the average
open pore current immediately before and after the molecule enters the pore. In addition to the
averaged blockade depth we also record the residence time or duration of each event by counting
the number of data points contained within the blockade. All data reported herein is sampled at
50kHz. This data analysis method is used to calculate the current blockade depth and residence
time regardless of the analyte being studied or how the system is being operated on by outside
equipment.
The methodology diverges with the addition of the acousto-optic modulator. The ability
to gradually vary the laser intensity enables a new control on the local nanopore temperature, which
allows us to separate the enthalpy and entropy components of the free energy barrier for molecular
escape. The nanopore is heated with a continuous ramping function generated from a digital
voltage supply (Agilent, 33220A, 20MHz) heating to control the AOM. This leads to an oscillation
in the open state current that we can use to measure the local temperature with Eq. 1 from Chapter
2. For the gold-cluster analysis, Au25SG18 particles are continually sprayed over the pore while
the heating is underway to create data with open and gold occupied states. Typical data files are
collected for ~8 minutes, and the data is separated into open and gold-occupied pore sates with a
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manual post-processing step performed on in-lab software (pClamp 10.3). This post-processing
step splits each data file into two separate files, one containing the unoccupied state and a second
that contains only the gold occupied state. Each file is then independently analyzed with the
thresholding algorithm and the residence times are collected into two separate files.
The advantage the AOM brings to the nanopore system is shown in Fig. 15 which
represents the two different methodologies of heating. In Fig. 15A, several separate files must be
taken at different static heating levels then, Fig. 15B, their residence times would be calculated at
which the enthalpies and entropies would be calculated. As it is shown this method leads to a wide
variability in the scaled residence times which leads to large errors in the energy extractions. The
new technique we present in this chapter uses the AOM to modulate the laser heating to oscillate
the amount of heat the nanopore is receiving which causes the open state to oscillate at the same
frequency as seen in Fig 15C. When looking at the four temperatures again, Figure 15D, we see
there is much less variation, which produces more accurate estimates of the enthalpy and entropy
components of the free energy. By continuing to take slices from the open state we produce a near
continuous distribution of residence times. Fig. 15E exploits this idea and produces a better
estimation of the enthalpy and entropy interaction between the gold-nanopore complex and the
chosen analyte.

3.5

Results
The purpose of this work is to show how laser heating is a viable tool for exploring

polymer-nanopore interactions. This will be applied here to obtain a better understanding of how
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Figure 15: Represents a static approach (A, B) and the new near continuous approach (C-E) to find the
enthalpy and entropy of an analyte a nanopore system. (A) Represents the original method to calculate the
energies by first collecting several separate files each with at a distinct temperature. (B) These files are then
analyzed and when looked at in a Eyring transition graph can be seen to have a wide distribution of values.
With the addition of an AOM to the lasers path way the intensity can be oscillated this producing a file with
a varying open state, (C). The larger the oscillation the higher the temperature. This produces an Eyring
transition graph that has a much higher accuracy, (D), this then unlocks the ability to produce a near
continuous Eyring transition graph, as seen in (E), thus producing a very good representation of the enthalpy
and entropy terms.
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PEG interacts with the open alpha hemolysin pore and why PEG, when in the presence of
Au25(SG)18, experience a 20 time increase in its residence time while similarly sized and charged
peptides only experience a 3-5 time increase. This will demonstrate how thermodynamic studies
could be used to produce application specific clusters for disease detection and a better
understanding of interactions between analytes and gold-pore complexes.
Figure 14 summarizes previous results that show the difference in residence time
enhancement for PEG 28 and Angiotensin 1 (A1). The residence time distributions for the goldoccupied (red) yield larger mean residence times than the mean residence times for their respective
open states (black). Previous papers have examined several different solution conditions to better
understand what effects this change in enhancement and to find the optimal conditions for
enhancement.13 The distributions shown here correspond to the room temperature distributions.
The purpose of this study is to expand beyond room temperature, but constructing
residence time distributions for a large number of different temperatures is not practical. To
address this problem, we utilized continuous changes to the applied solution temperature via the
AOM intensity modulator. As described in the data analysis section, each blockade event is
assigned an open state current and duration. The open state current is used to estimate the solution
temperature at a particular time. By doing this, we can build a near continuous distribution of
residence times versus temperatures. From this point we need to use the Eyring Transition theory
to extract information about the enthalpic and entropic components of the free energy barrier.
Figure 16 shows the enthalpy and entropy components of the free energy barrier for PEG28 to escape the confined space of the nanopore examined at several salt conditions. Previous

40

work has shown that K+ cations weakly bind to PEG and this process increases the interactions
between the PEG and pore.3,99

Figure 16: Enthalpy and entropy components of the free energy barrier for the gold state (red) and the open
state(black) of PEG 28 as a function of KCl salt concentration. In both cases the gold cluster increases the
entropy and enthalpy components of the free energy barrier. The increase in enthalpy is due to the PEG
having a slight positive charge and the gold cluster being strongly anionic. Cation binding with PEG outside
the pore limits the number of available conformational states available to the PEG and this lowers the
entropy component of the free energy barrier to exit with increasing ionic strength. According to the Eyring
transition model, this increases the time the PEG spends in the pore. All data taken in 3M KCl under 70mV
applied transmembrane potential. All analyte molecules enter the pore from the trans-side while gold
clusters enter from the cis-side.

This is why the mean residence time for PEG is strongly dependent on the ionic strength.3,33 Here
we show that for the open state, the enthalpy component of the free energy barrier decreases with
increasing ionic strength. This seems counter-intuitive at first because the enthalpic binding of the
cations to the PEG are driving the strong PEG-interaction with the pore, so one might think that
as the ionic strength is increased, the overall enthalpy barrier to escape the pore should also
increase. This is not the case and closer inspection of the entropy component, which also decreases
with ionic strength, suggests that the entropy plays a critical role in increasing the PEG residence
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time with increasing ionic strength. This can be understood by noting that K+ cations outside the
pore binding to the PEG reduce the degrees of freedom for the PEG. This will lower the entropic
component of the free energy barrier and will reduce the tendency of the PEG to escape from the
highly confined nanopore volume. Interestingly, the presence of the gold cluster in the pore shows
that the enthalpy (and entropy) increase nearly two-fold. This gives a clear indication of the
binding strength between the cationic PEG with the anionic cluster. Here the temperature studies
enable us to quantify the strength of this PEG cluster interaction.
Figure 17 shows that the applied transmembrane voltage effects the enthalpy and entropy
components of the free energy barrier for PEG 28. The gold cluster nearly doubles the enthalpy
and entropy components across several salt conditions. The data shows a linear decrease in the
enthalpy as a function of applied voltage across all salts. In the case of the open pore, the slope is
linear and thus can be used to estimate the charge of the PEG because the lowest order of the
Eyring transition model can be modified with a term explicitly dependent on the applied voltage,
 G 
 G  qeff V 
   0 exp 
.
k BT
 k BT 



   0 exp 

(8)

Fitting the data with a linear model leads to the following values of the effective charge of the
PEG-28 in the open pore (5.8±1.6e, 4.5±1.9e, 3.4±2.2e). These values are consistent with the
estimates extracted from the numerical molecular dynamics simulations.99

In addition, the

presence of the gold cluster further increases the interaction via a charge-charge attraction between
the cationic PEG and anionic cluster. While modeling this interaction is not as trivial as the open
pore case, we can make a simplifying approximation that the gold cluster increases the effective
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Figure 17: Enthalpy and Entropy break down of the PEG 28 molecule helping to describe the interaction
between the gold state (red) and the unblocked state (black) in an αHl nanopore. The first patterns seen
are, across all solution conditions the gold has caused enhancement of the residence times of the PEG
molecule and as the voltage and salt concentration increase both entropy and enthalpy decrease. The
reduction in enthalpy across the salt conditions is due to the PEG binding to the more readily available
cations thus reducing the number of available binding sites that can interact with the pore-gold complex.
While the entropy decreases from the salt concentration due the cations limiting the number of unique states
that the PEG can undertake. The reduction of energy caused by voltage is due to the voltage driving the
molecule through the pore. The higher the voltage is the less of an energy kick the molecule needs in order
to translocate or jump out of the nanopore. Due to the large changes from the salt conditions this process
seems to be a driven by entropy more than previously thought. All PEG data as taken at 7.2pH.
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Figure 18: Enthalpy and entropy of Angiotensin 1 (A1), Angiotensin 2 (A2), and Neurotensin 1 (N1) in
relation to voltage in the gold state (red) and unblocked state (black). The gold does not affect the A1
unlike the PEG data and this suggest the A1 is unable to interact with the gold cluster because the charge
of A1 causes it to bind to the pore before reaching the cluster. As for A2 and NT there is an interaction that
for the most part enhances the entropy and enthalpy. The enthalpy across all three peptides does not change
unlike the enthalpy which suggests that the number of states the peptides take are well structured. The large
changes in the entropy suggests that entropy has a much larger effect in the increase of residence times than
previously thought. All peptide data was taken at 3M KCl at pH 5.8.

charge of the PEG. Linear fitting the gold-occupied states yields the following values for the new
effective charge of the PEG-28 in the presence of the gold cluster (7.06±2.07e, 7.2±1.9e, 4±0.5e).
Figure 18 shows the voltage dependence of the enthalpy and entropy for three biologically
relevant peptides (Angiotensin 1 (A1), Angiotensin 2 (A2) and Neurotensin (NT)) with and
without a gold cluster in the pore. All three peptides show that the gold cluster increases the
enthalpy component as expected given the binding of the cationic peptides to the cluster. It is
worth noting that A1 shows little change in the presence of the gold cluster, which may be because
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the A1’s secondary structure precludes the peptide from interacting with the cluster across the
narrow constriction point of the pore. In addition, all three peptides show extremely large entropy
components to the free energy barrier. This may result from the fact that the peptides are more
prone to stable secondary structure as compared to the PEG results from Fig. 16. Interestingly,
the open pore data for A2 and NT shows no voltage dependence in the entropy and enthalpy
components. We hypothesize that this results from the fact that these peptides either are very near
neutral (A2) or the charge is well screened in the high ionic strength conditions used herein (NT).
Regardless of the mechanism, we stress that this lack of charge dependence for NT and A2 and
the lack of considerable enhancement for enthalpy for A1 clearly illustrate why the degree of
residence time enhancement is reduced for the peptides when compared to the PEG. Given the
large entropic components to the free energy barriers, it seems modification to the entropy
components of the free energy barrier may be the ideal route towards optimizing peptide detection.
To further highlight the differences between the three peptides, Fig. 19 shows the enthalpy
and entropy components of the free energy barrier at 70mV as well as the residence times for the
open pore states (τNT = 6.02 ± 1.29 ms, τA1 = 2.24 ± 0.34 ms and τA2 = 0.48 ± 0.12 ms). One might
assume that the differences in residence time scale with the peptide size because of the binding
between the peptide and pore, but closer inspection of the enthalpy component of the free energy
barrier shows no difference in the enthalpy for all three peptides. In contrast, the entropy
component of the free energy barrier shows distinct differences between the three peptides.
Specifically, the mean residence time of each peptide in the pore scales with the entropy
dependence in a manner consistent with the PEG-28 as a function of the ionic strength.
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Figure 19: Enthalpy, entropy, and residence times of A1, A2, and NT for 70 mV in 3M KCl solution at 5.8
pH. A1, A2, and NT gold state residence times are 2.24 ± 0.34, 0.48 ± 0.12, and 6.02 ± 1.29 ms respectively.
A1 does not show strong enhancement from the gold cluster mostly likely due to the peptide not being able
to reach the gold cluster. A2 and NT have large enhancement factors however the residence times vary
quite largely. A2 has a very high entropy compared to both A1 and NT and this means A2 could be more
structured when it enters the pore that means there are less interaction points with the gold cluster that are
available. This leads its residence time to be very low when compared to A1 and NT. NT has a moderate
enhancement and thus a very large residence time is seen in the gold blocked state. The solution conditions
have balanced the charge interaction with the amount of structure thus arising to a large residence time for
NT. Since there is a voltage table it is possible to describe the polymers by their charge. The charge graph
shows the calculated charge of the polymers derived from their respective voltage graphs. The charge is
not similar to any of the calculated values,13,99 however due to the confined space and shielding from the
salt buffer could be preventing the polymer from interacting with gold cluster.
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One possible explanation for this is that the A2 has little secondary structure outside the
pore, which means it has a greater number of conformational degrees of freedom than A1 and NT
which exhibit non-trivial secondary structure (beta-fold). This difference could explain why A2
shows a larger entropic component to the free energy barrier and in turn leads to a shorter residence
time within the pore. As with the PEG-28 study, the peptides here also show that entropy plays a
dominant role in dictating the residence time, and thus sensitivity, of the nanopore sensor. This
points towards entropic-based modifications to improve sensing of peptides with the pore.
We use the same method as before with the PEG-28 to calculate charges for the open state
polymers, A1 = 4.09 ± 1.75e, A2 = 4.47 ± 1.71e, and NT = 3.25 ± 1.03e. These values are much
larger than previous works suggests.13 This could be due to the nanoconfinement of the polymer
in the nanopore and how their charge is being shielded. However, the NT seems to be reacting to
the gold cluster according to the enthalpy and entropy graphs and is seeing some enhancement
(~3x). The charge in NTs open state measurement is similar to the PEG charge in the open state
as well, and both polymers see an effect from the cluster. Linear fitting the open-occupied states
yields the following values for the new effective charge of the PEG-28 in the presence of the gold
cluster (A1 = 3.15 ± 2.98e, A2 = 1.64 ± 2.22e, and NT = 6.01 ± 1.8e).

3.6

Conclusion
Nanopore sensing has expanded to become an important platform to grow new analytical

methodologies. By adding laser heating to this system, we have shown it is possible to extract
new information about thoroughly tested and biologically relevant molecules. This study shows
it is possible to separate the Gibbs free energy term into its enthalpy and entropy terms allowing
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for a better understanding of how molecules interact inside the nanopore system. By combining
an infrared laser heater and previously studied gold clusters we have provided a clearer picture of
how a molecules residence time is more entropically-driven than previously discussed. This study
has also shed light on how to move forward to create better enhancement clusters that balance their
charge in order to maximize enhancement.
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Chapter 4

Laser-based heating nanopore analysis of duplex STR TPOX
samples

4.1 Introduction

To expand on the work completed in Chapter 2, where we were able to tell the difference
between homopolymeric duplex DNA strands, we need to find a way to increase the detectable
range of DNA sizes and more complex forensically-relevant sequences. There is currently no
available method that allows for a quick identification of quantity and distribution of DNA
fragments prior to full STR analysis. Not having this rudimentary knowledge of a sample’s
contents degrades the quality of analysis when samples could be combined to provide a better
DNA profile. This is especially important when these samples are used as evidence in court cases.
A common example is when multiple swabs are taken from a firearm (Fig. 4). Current procedures
are to extract, amplify, and analyze separately for individual swabs. This often leads to a sample
not having enough DNA to develop a profile suitable for analysis. Combining swabs could
improve DNA analysis by increasing the amount of DNA; however, if the samples contain DNA
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from multiple sources, a mixture could be created, leading to inaccurate conclusions in court. The
development of a system to quickly identify the DNA fragment size distribution of a sample and
relative concentration before artificial mixtures are created would benefit the analysts’
understanding of a preprocessed sample.
To address this need, we demonstrate the feasibility of TPOX analysis with the nanopore
heating apparatus. The TPOX sequence is a repeating tetramer sequence (AATG) that is flanked
by end regions that enable primer DNA to anneal to the genomic DNA for amplification purposes.
The distribution of the TPOX short tandem repeat (STR) sequences is quantified by the allele
number or number of tetramer repeats of the AATG sequence. In the general population, the
number of repeats in each person’s TPOX region is distributed with a mean of 8 allele repeats
(minimum of 4 and maximum of 16).101 DNA sample is collected from a crime scene, preserved
, sent to a forensics lab, and from there the regions of the human DNA corresponding to these STR
sections are amplified with polymerase chain reaction (PCR) and then analyzed to identify the
abundance of the different STR alleles. While several STR loci are throughout the genome length
and analyzed for HID purposes, this project focuses on the TPOX STR sequence because of its
short length and simple repeat motif.43,44 In order to increase accuracy of identification the
forensics field has expanded the amount of information gained from a single sample of DNA
through the use of high-throughput sequencing (HTS).102 This technique uses hundreds of markers
across the gnome to increase the amount of information gained about a sample. However, HTS is
costly, due to the long sample preparation times and high per-sample analysis costs. Consequently,
use of the current technology of capillary electrophoresis persists because portions of HTS does
not work well with mixed samples.43,44 A preprocessing step would conserve reagents and
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processing time. Therefore, it is imperative to develop rapid and cost-effective techniques with
the capability to distinguish between one and multiple persons in a sample.
DNA name

Allele Number

Sequence

32-nt

4

GGGTTTGT [AAGT]4 CACTCCCA

40-nt

6

GGGTTTGT [AAGT]6 CACTCCCA

44-nt

7

GGGTTTGT [AAGT]7 CACTCCCA

48-nt

8

GGGTTTGT [AAGT]8 CACTCCCA

52-nt

9

GGGTTTGT [AAGT]9 CACTCCCA

56-nt

10

GGGTTTGT [AAGT]10 CACTCCCA

Table 3: Synthetic DNA TPOX sequences used to demonstrate nanopore-based analysis. The red text
shows the tetramer repeat units and the black text shows the end flanking regions used to target the TPOX
loci.

We will demonstrate the feasibility of nanopore-based TPOX analysis by characterizing
synthetic TPOX DNA ranging in size from 4 to 12 alleles. Our preliminary results have shown
that this is the widest range of TPOX DNA that is detectable with the αHL nanopore.101,103,104 Our
reported data shows analysis of DNA with the sequences shown in Table 3. Our primary goal is
to demonstrate the ability to distinguish between various mixtures of the TPOX STR duplex DNA.
Once the techniques have been finalized, attaching this methodology to a commercial set-up would
be the next step. Current devices like the minION device are having difficulty overcoming
sequencing errors.65,105 Future iterations will improve upon their current technology providing a
better more mobile platform to perform experiments.
The apparatus used for this analysis is similar to the one used for the homopolymer studies
shown in Section 2.1. 69,70,82 The advantages of using the method described previously are two51

fold. By using the single pore insertions technique multiple different analytes can be examined on
a single pore thus increasing reliability of the acquired data. Another benefit is that by working
with a single inserted channel and no patch clamp, the intensity of the laser-based heating can be
greatly increased, which offers a greater opportunity to examine an expanded range of TPOX DNA
sizes. Laser-based nanopore analysis of TPOX DNA requires a more involved procedure because
of the increased complexity of the sequence as well as the high G-C content. Our previous study
on the A-T homopolymers did not require as much effort (i.e. high heat, high voltage) because AT2 hydrogen bonds are 33% weaker than G-C three hydrogen bonds. This increases the energy
required to break the TPOX DNA apart and remains a primary challenge when studying all native
dsDNA. The DNA is in a matching salt solution in the tip and maneuvered into place above the
nanopore. The DNA is then ejected near the nanopore and the slightly mismatched ionic strength
solutions causes reduction in the open pore current. This provides an advantage in that it allows
us to optimize the position of the DNA tip with respect to the nanopore in the membrane. In
addition, by spraying the DNA near the pore, we can increase the DNA on-rate beyond that
expected for diffusion limited arrival to the pore. Our studies show that without the laser heating,
the pore is irreversibly blocked, but with the laser heating, we can fine-tune the residence time of
the DNA with the pore in a manner similar to that shown for the homopolymer DNA in Chapter
2.

4.2

Experimental Setup
Figure 20 shows an illustration of the tip-spray approach along with a typical current trace

for the duplex TPOX analysis. The dsDNA is dissolved into 10µL of 2M KCl solution, which
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matches the buffer solution of the nanopore system, at a concentration of 110nM. Polydisperse
solutions of TPOX consist of a 50/50 mixture of different sized dsDNA. The concentration of
each component in the mixture is typically 55nM, which gives a total DNA concentration of
110nM. Figure 20D shows a typical current trace resulting from the multi-stage TPOX detection

Figure 20: Experimental set-up for the TPOX study showing the tip containing a mixture of matching
buffer solution and the mixture of TPOX solution. The mixture is positioned above the Teflon hole ~10
microns. A transmembrane voltage is applied (orange) and 2.0A of power from the 1444nm CW heating
laser is applied (red). A backing pressure is applied to the tip containing the TPOX DNA (blue) and the
open state current is watched for events. Minor adjustments are made to the tips position (green) until the
desired hit rate is found. From there forward the open state current it monitored to be sure on-rate and tip
position does not drift.

protocol. First, the dsDNA tip is positioned near the 50-µm Teflon hole and the SWIR laser is
turned on to the desired heating level as indicated by the open state current ( 500pA at -160mV
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transmembrane voltage potential in the 2M KCl buffer). Next, a backing pressure of 15 hPa from
a self-contained pump (Femtojet) is applied to spray the dsDNA across the top of the nanopore. A
small reduction of current results from the slight mismatch in ionic strength between the
background solution and the TPOX tip. This current reduction helps the user position the TPOX
spraying tip to optimize the number of blockade events. Specifically, the TPOX tip should be
positioned in a manner that maximizes the blockade event rate while minimizing pore clogging
events. If there is an event that does not escape in a timely manner (~ 5sec) then the polarity of
the voltage is toggled to clear the nanopore and return the pore to the proper sensing voltage. This
off-membrane injection approach enables a distinct advantage to direct patching methods because
we can use the same pore to analyze a number of different DNA solutions. This is critical because
it eliminates problems associated with pore-to-pore variability.

4.3

Results and Discussion
Figure 14A shows a series of time traces used to prove the viability to distinguish different

sized TPOX DNA. We started with 44, 48, and 52-nt to build a library of single dsDNA mixtures,
which then will be used as a reference for mixture data. We also chose these sizes to demonstrate
the pore’s ability to distinguish between TPOX differing in size by a single allele.
Before analyzing the single molecule distributions, we start by considering the simplest
statistic from each of the TPOX samples, the overall mean residence time, independent of the
current blockade. Table 4 reports the mean residence time for the monodisperse and polydisperse
mixtures.
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Monodisperse
32mer
40mer
44mer
48mer
52mer
56mer

Mean Residence Time
13.0 ms
10.0 ms
33.0 ms
1.89 ms
7.58 ms
128 ms

50:50 mixtures
32mer:40mer
44mer:48mer
44mer:52mer
44mer:56mer

Mean Residence Time
8.2 ms
56.4 ms
165 ms
258 ms

Table 4: Represents the average residence time of all events in a mixture. As it shows it is very difficult
to distinguish monodisperse solutions from each other as evidence by the lower than expected value for 48nt. This in turn makes identifying mixtures more difficult, requiring a more comprehensive method to
characterize monodisperse mixture and thus predict unknown mixtures.

The data shows that if we only consider the overall mean residence time for each sample
then we have a poor description of the mixture contents. For example, equal mixtures of 44 and
48-nt DNA should yield a mean residence time equal to the average of the residence times for the
monodisperse components (i.e. 0.5×(33 ms + 2 ms) = 17.5 ms). Obviously, this is not close to the
observed value of 56.4 ms, and more importantly, it is not possible to predict the mixture contents
from the mean residence times alone. For example, the 44:48 mixture could be formed by an
infinite combination of monodisperse components. This motivates us to explore the complete
residence time distributions so that we can estimate and predict mixture components more
accurately.
Figure 21B shows residence time versus current blockade scatter plots from the 44nt
sample. The black rectangle denotes the highest concentration of events as shown by the current
blockade distribution to the right. By looking at this same area for 48 and 52-nt, in Figure 14C,
we see that there is an increase in the average residence times as the size of the dsDNA increases.
Two double stranded mixtures were then created to simulate a sample that contains multiple
persons DNA.
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Figure 21: A series of graphs that represent how to analyze the current traces. The left side represents three
current traces, 44, 48, and 52 nt. The top right graphs represent the residence time vs current blockade a
long with the histogram of those events. The black box highlights the events that are being focused on, we
chose this point because it has the highest concentration of points as confirmed by the histogram. Zooming
into this area on all three TPOX DNA strands shows this grouping increasing in residence time as the TPOX
length increases in length.

Figure 22 shows how studying the residence time scatter as a function of the mean blockade
depth enables characterization of the mixture contents. Two mixture sets which contain 1:1 ratios
mixtures of, 44:48 and 44:52 nt dsDNA TPOX strands are included with the monodisperse
component mixtures. The top row represents the monodisperse mixtures of the examined mixtures
and the bottom row represents the 1:1 polydisperse mixtures (black) superimposed over top of
their respective monodisperse mixtures. From a qualitative standpoint the monodisperse data
overlaps the mixture data quite well. This suggests the nanopore can be used to characterize TPOX
mixtures of various sizes through a more quantitative approach. Further analysis of various TPOX
sizes shows more complex current blockade distributions, which motivates us to expand our
analysis beyond that is shown for the 44,48 and 52 nt sized TPOX DNA.
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Figure 22: Blockade depth versus average residence time scatter plots of three monodisperse solutions, 44
nt (Blue), 48 nt (Green), and 52 nt (Red), and two 50:50 polydisperse solutions, 44:48 nt and 44:52 nt. The
top three graphs show that larger TPOX DNA strands spend, on average longer times in the nanopore. The
bottom graphs show that the mixtures can be approximated by combining the corresponding mono disperse
data. This suggests a method for quantifying the concentrations of various components from TPOX
mixtures. All data shown here was taken on the same pore.

Figure 23 shows more recent efforts to characterize the smaller TPOX DNA from Table 3.
As compared to the data from the larger TPOX DNA, we see here that a more complex scatter plot
is revealed. The groupings previously highlighted in the black box of Figure 21 may work for
larger TPOX strands, but they do not work for the smaller strands of 32nt and 40nt as there is no
distinct grouping in that area (i/i0 ~ 0.35). Instead, data points group together in various parts of
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Figure 23: These scatter plots represent all of the events collected for the monodisperse mixtures of, 32,
40, 44, 48, 52, and 56-nt dsDNA TPOX. The light blue boxes represent how the data in each scatter plot
will be organized for analysis. Each scatter plot will be divided into four groups, Group 1 is represented in
32-nt, Group 2 in 40-nt, Group 3 in 44-nt, and Group 4 in 52-nt. These areas were chosen because they
represent key grouping points the events collect around. As the TPOX increases in size there is a change
in how the DNA populates these graphs. 32-nt is predominately a short and deep event. 40-nt begins to
split this group into two well populated groupings. 44-nt the short shallow events are almost all gone and
the deeper longer events become the most prevalent sections. 48-nt sees a decrease in short events and an
increase in the residence time of group four. 56-nt changes with a resurgence of the short shallow events,
this is most likely due to an abnormality in the nanopore. The bar graphs compare each TPOX strand in
the specified group. From this a profile is built of each monodisperse solution which can be used to predict
what mixture data looks like. All data was taken at 2M KCl, and 160mV transmembrane potential.
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the residence time (T=ln(t/t0)) versus current blockade (i/i0) scatter plots. By exploiting these
natural groupings it is possible to create a weighted distribution of the monodisperse solutions.
The first group represents the shallow and fast events (T = [-1, 2), i/i0 = [0.1, 0.25]) and is
represented by the blue box in the 32-nt scatter plot. The data that forms group 2 represents a
group of dsDNA which is beginning to explore the pore (T = [1, 6), i/i0 = [0.28, 0.32]), and is
demarked on the 40-nt graph. As the TPOX strands become longer, the deeper they explore the
nanopore and in turn the longer it takes for the strands to escape. This produces the requirements
which describe group 3 (T = [-1, 5.5), i/i0 = [0.33, 0.38]), represented on the 44-nt graph. Finally,
as the TPOX strands continue to grow, the longer the residence times become; this leads to the
fourth grouping (T = [5.5, 8), i/i0 = [0.33, 0.38]) as seen in the 52-nt graph. By looking at these
four areas for each monodisperse solution a profile is built, represented by the bar graph in Fig 23.
To calculate the percentage occupation of each group we performed weighted sum of the log
residence time from each group subset. For example, the percentage occupation of group 1,
PGroup1, is given by the following expression,
cGroup 1 
PGroup 1 

n



i 1,iGroup 1

Ti

Ti  ln

ti
1 ms

cGroup 1

(9)

cGroup 1  cGroup 2  cGroup 3  cGroup 4

Each grouping on the bar graph is weighted by the natural log of their residence time. This is
done in an attempt to better distinguish between the various regions of the scatter plots and also to
recognize the fact that longer duration events preclude the entry of other events during those
blockades. By performing this weighted averaging, we find better separation between the different
sized TPOX sequences as evidenced by the fact that the different colored bars can be easily
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distinguished across the four groups. This enables us to better distinguish between various mixture
solutions as shown below.
Figure 24 shows the distribution of events happening for several polydisperse solutions.
The first thing we notice is the low number of events in the polydisperse solutions (<250 events).
This is most likely due to how the samples are being prepared; when dealing with small volumes,
obtaining a decent concentration from the stock solution can become difficult. This can easily be
rectified by using a larger volume to compensate. Again, the scatter plots are broken up into the
same four groups as the monodispersed solutions then the weighted probabilities are produced.
Fig. 24 (bottom) represents these groupings as well as a theoretical value calculated from the
monodisperse solutions as seen in Fig. 23. The first three experimental mixtures, 32:40, 44:48,
and 44:52 nt, agree relatively well with their theoretical values. There is some variability but this
is most likely due to the low number of events and further data collection will see this variability
decrease. As for the 44:56 mixture these values do not match well. This may be due to the fact
that this data was collected on a nanopore that had been exposed to several hours of heating. Over
time, the membrane and pore may degrade which limits the ability to measure a large number of
different mixture samples. However, we do note that the large groupings seen in group 3 and
group 4 suggest a larger molecule present in the mixture, so qualitative assessments regarding
solution contents can still be made.
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Figure 24: (Left column) Four mixture sets representing various 50/50 mixtures of TPOX are shown in the
scatter plots of the residence time versus the current blockade depth. (Right column) To the right is their
respective bar graphs showing the analyzed sets (red) and their theoretically predicted values created from
the monodisperse data (black) and a least square fit that was given only the monodisperse solutions (blue).
While the theoretical model fits well to the experimental date the 44:56 mixture has some issues due to the
problems that arose with the nanopore. However, using the least square fit model to predict which mixtures
will be needed to make the mixtures data, although still off, has shown it is not as susceptible as a straight
average between mixtures. For the mixtures 32:40, 44:48, and 44:52 mixtures the theoretically predicted
data matches quite closely to the experimental values. The large errors between theory and experimental
is most likely due to a lack of events. The last mixture 44:56 has large discrepancies between theory and
experimental most likely due to an abnormal pore. The other mixtures show the least square fit model has
a striking resemblance to experimental data and with a little more data collection could be used to reliability
distinguish between a solution containing single or multiple contributors. All data was taken at 2M KCl,
and 160mV transmembrane potential at a total concentration of 110nM for each TPOX solution.
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We then look at a least square fit modeling of the data, which takes in the monodisperse
datasets and compares each one to the polydisperse data. This then predicts how much of each
monodisperse mixture is needed to recreate the polydisperse data sets. For the all the data, except
the 44:56, the fit does quite well to identify that the mixtures are indeed binary solutions. Since
the goal of this project is to identify between mixtures with some accuracy, the collection of more
data is required. This includes the need to redo the 56-nt data set and collect tertiary and quaternary
mixture sets to gain a better estimation for the model.
This study shows the plausibility of using population and current blockade divisions to
effectively identify mixtures into their monodisperse solutions. This work supports the idea that
it is possible to reliably look at dsDNA TPOX and successfully analyze it later with more advanced
machine learning algorithms.

4.4

Conclusion
Finding a new way to distinguish between multiple alleles from a small sample is a

challenging task. There is a limited viable sample size generated from a crime scene and a limited
number of PCR cycles develop profiles from forensically viable samples. Thus, a method that can
address nanoliter concentration solutions while maintaining high statistical standards is required.
This work presents a large advancement in the way we look at small samples of hybridized double
stranded DNA mixtures. With the addition of a SWIR heating laser to a nanopore system, makes
it possible to adjust the residence times of the TPOX fragments. This prevents the system from
becoming clogged by large analytes, making it possible to obtain reliable double-stranded DNA
data from a limited sample. This benefits the forensics community by adding a new tool to help
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distinguish if a sample has one or many different types of DNA before choosing an appropriate
advanced analysis method thus saving valuable time and money.

4.5

Future Work
This work is just out of its infancy and requires the creation of a larger data library for more

advanced cluster analysis methods. The need to recollect some data on reliable pores is required,
as well as the creation of tertiary and quaternary mixtures to test the least square fit model.
However, the proof of concept ground work needed to allow this technique to continue to grow
from here all that remains is to provide a better understanding of what the best breakdown of the
distribution of data. Automation of the analysis will also be required as the data sets grow larger.
With current programming languages deciding the best cluster analysis method should be
relatively simple to implement. With this ground work the possibility of looking at human derived
DNA samples to verify these techniques work with real world samples.
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Chapter 5

Conclusion

This dissertation describes the continuing study of infrared laser heating on a nanopore
system and shows its viability as a versatile and effective new tool for the nanopore community.
By expanding the tools that can be easily deployed and applied to a nanopore system more
complex, biologically relevant molecules will be understood.

This will lead to a better

understanding of single molecules and how they interact on an individual level with the
surrounding world.
Applying strict control on the application of heat in a confined area has removed the
problems previous bulk heating apparatuses have faced while maintaining the nanopores. This
advancement has allowed the nanopore system to become an adaptive sensor to further probe more
complex molecules. Direct nanopore heating has also shown its worth in looking into strands of
DNA previously avoided due to the complexity. Through the use of laser heating the beginning
steps into distinguishing varying molecules through their mass has now begun allowing for future
studies to continue and use more advanced computer analytics (i.e. Cluster Analysis) to help
distinguish unknown solution mixtures with greater accuracy.
Further inquiry has been made in taking full advantage of this group’s earliest work, by
adding heat, to previous gold cluster and nanopore enhancement by looking into the enthalpy and
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entropy of peptides. This has shed light into a single molecules enthalpy and entropy while the
molecule is interacting with the pore and gold clusters. Being able to measure a molecules
interaction energy, one molecule at a time, provides an accuracy that many bulk measurements
cannot achieve. Being able to better understand how molecules interact with each other is the start
to building tailored made cluster to better improve residence time enhancement and in turn gaining
a better understanding of the different configurations different molecules can achieve.
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Chapter 6

Methodology Appendix

The purpose of this Appendix is so future students of the lab may use this as a unified guide
on how to do basic operations of the lab. This is in an attempt to preserve the experimental
knowledge gained from one lab generation to the next relatively pain free. All methodologies that
follow were observed during the data collection of this dissertation and all methodologies should
NOT be treated as though written in stone. Adjust any methodology when appropriate.

6.1

Methodology to create the single insertion paint ball for αhl
1. WARNING: The microforge is annoying at the best of times.
2. Pull a program 10 borosilicate ID 0.78 tip.
3. Place in the specialized holder so the tip is held snug.
4. Place the holder now holding the tip onto the microforge microscope.
5. Maneuver the tip to the heating coil.
6. This is where making a tip gets tricky. You need to see how much the coil is actually
heating. Set the heating to about 25% and tap the button. If from that one extremely
short button press the heating coil bows out and turns red, reduce the amount of heat
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immediately. If the coil barely moves and then the heating stops and multiple beeps
are heard turn down the heat, the machine things it is putting too much current through
the coil. Now this is where this thing gets really annoying. It may think too much
current is going through the coil even though you are at an extremely low level. There
is no getting around this. Good luck with figuring it out. Finally, if you get lucky and
the heating coil bends out a little then today is a good day.
7. Start with a low heat and slowly raise it as you start forming a ball at the end of the tip.
8. Use one heat to hold down the heating button and the other to move the tip closer to
the heating coil.
9. You want a decent sized tip and a small “ball” at the end of the tip.
10. As the tip becomes more melted you may notice there is a sharp tip at the end of the
melted ball. This does not reduce the performance of the tip. If you wish to remove
the sharp point and “polish” the ball you will need to increase the heat a little and keep
the tip further away from the heat source then during the melting process.
6.2

Methodology to create a buffer.
1. Put on a pair of latex gloves.
2. To create a salt buffer first you need to know what concentration you need to make.
10mM TRIS buffer is desired for all general purpose buffers.
3. Now to calculate how much material you need use the following equation.
a. (X mol/liter) ‧ (X grams/mol) ‧ (X liter) = grams of salt needed
b. Multiply the desired concentration by the materials molecular weight times the size
of the container. This will give you weight in grams of material you need.
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4. Weight out these materials and add them to a volumetric flask.
5. After the dry materials are added to the flask add DI water and fill to the measurement
line.
6. Transfer liquid from the volumetric flask to the appropriately size plastic container.
6.3

Methodology for pH balance
1. Put on a pair of latex gloves.
2. Turn on the pH measuring device.
3. Next, to calibrate the pH sensor three calibration solutions, pH 4.0, 7.2, and 10.01, are
required.
4. Remove the pH sensor from the cleaning solution and rinse with some D.I. water.
5. Dab the end of the sensor with a Kimwipe to remove and excess water.
6. Insert the pH sensor into the first calibration solution pH7.2.
7. Press “CAL”.
8. WAIT for the solution to equilibrate to a stable value.
9. Press “Read”.
10. Remove the sensor from the calibration solution and rinse with D.I. water and dab dry
with a Kimwipe.
11. Repeat steps 6 to 10 with pH 4.2 and then pH 10.01.
12. Now insert the calibrated sensor into the solution to pH balance along with a magnetic
stir bar.
13. For KCl solutions, to make the solution more acidic add Citric acid and to make the
solution more basic add KOH.
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14. Add either Citric Acid or KOH to obtain desired pH of the buffer solution.
6.4

Methodology to apply heating to the nanopore.
1. Turn on the laser by switching the rocker switch and then when the power light turns
on turn the key to the “ON” position.
2. Turn

on

the

30V

DC

power

generator

and

hit

the

blue

“On/Off” button so the display turns on, allow ~5 to 10 minutes to warm up.
3. Then, turn on the waveform generator and apply the following settings.
a. Waveform: Sine.
b. Amplitude: 10 mV.
c. Offset: +500 mV.
d. Frequency: Anything high.
4. Get a single nanopore in the membrane and rotate to the 4x objective.
5. Apply a low voltage to get a current of ~70pA.
6. Put on appropriate laser safety goggles.
7. Open the shutter on the laser.
8. Turn the power control knob on the laser to ~50%.
9. Hit the “Output” button on the waveform generator and a purple light should be seen
on the camera window.
10. Using the course adjustment on the microscope adjust the view until the spot appears
as a clear dot on the camera. Using the draw feature on the cameras program mark the
location of the purple spot.
11. Hit the “Output” button on the waveform generator again to turn off the light.
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12. Adjust the position of the nanopore system so the Teflon hole is centered in the marking
of the purple spot.
13. Hit the “Output” button on the waveform generator again to turn on the light.
14. This will apply a constant amount of heat to the nanopore system. Adjust the Z-axis to
find the maximum heating location.
6.5

Methodology to create αHl stock tubes
1. Put on a pair of latex gloves.
2. In the refrigerator there is a silver canister that contains the αHl powder.
3. After extracting the vial from the core of the canister the powder will be mixed with
some D.I. water.
4. Break the glass vial and add 500μL of DI water.
5. Now aliquot 10μL of the new stock solution and put it into a low bind centrifuge tube.
There should be 50 tubes in the end.

6.6

Methodology to create prepaint/lipid
1. Put on latex gloves.
2. Put on the freezer gloves and from the -80 °C freezer remove a glass vial of ΔPhy-PC.
3. For lipid
a. 10 mg/ml is the desired final concentration.
b. Look at the label and see the weight of the ΔPhy-PC in milligrams.
c. Weight of lipid (mg)/ amount of hexadecane (mL) = 10mg/mL.
d. Solve for the needed hexadecane.
e. Add that amount of Hexadecane to the glass vial.
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f. Aliquot 10uL at a time into half dram vials.
4. For Prepaint
a. 1mg/mL is the desired concentration.
b. Look at the label and see the weight of the ΔPhy-PC in milligrams.
c. Weight of lipid (mg)/ amount of pentane (mL) = 10mg/mL.
d. Solve for the needed pentane.
e. Due to how quickly pentane evaporates be sure to have several half dram vial
prepared before adding anything to the dry lipid.
f. Use a two-step dilution method for this where you first add a small proportional
amount of pentane to the dry lipid and make sure all of the substance is dissolved.
g. Then aliquot out an equal amount(~100uL) of the solution into the half dram vials
be sure to close the vials after adding the solution to them to prevent evaporation.
h. When done add the appropriate amount of pentane to reach the final desired
concentration of 1mg/ml.
6.7

Methodology used to clean a Teflon hole between experiment for DNA study
1. After completion of a DNA experiment, take the top and bottom chambers and clean
both chambers with water, then ethanol, then water again.
2. Fill both top and bottom chambers with D.I. water and place back onto the microscope
set-up.
3. Pull a 0.78ID Borosilicate tip and fill with >10uL of bleach.
4. Position the tip above Teflon hole.
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5. Apply a constant backing pressure until you see a dark shadow coming from the tip.
This pressure should be high.
6. The position and move the tip around the INNER ring of the Teflon hole. Change the
height to get as close as possible. Hit the clean button on the pump to really clean the
area.
7. Pay attention to the flow around and through the Teflon hole. This will be seen as a
changing dark shadow. The goal is to clean the inner part of the Teflon, therefore a
stream then is MOST effected by the geometry of the Teflon hole is most desirable.
8. It is ok to use all of the Clorox in the tip. Encouraged even. Good luck.
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